Abstract: Natural organic matter (NOM) is ubiquitous in soil and groundwater, and its aqueous complexation with various inorganic and organic species can strongly affect the speciation, solubility, and toxicity of many elements in the environment. Despite significant geochemical, environmental, and industrial interest, the molecular-scale mechanisms of the physical and chemical processes involving NOM are not yet fully understood. Recent molecular dynamics (MD) simulations using relatively simple models of NOM fragments are used here to illustrate the challenges and opportunities for the application of computational molecular modeling techniques to the structural, dynamic, and energetic characterization of metal-NOM complexation and colloidal aggregation in aqueous solutions. The predictions from large-scale MD simulations are in good qualitative agreement with available experimental observations, but also point out the need for simulations at much larger time-and length-scales with more complex NOM models in order to fully capture the diversity of molecular processes involving NOM.
of computational methodology on the predicted structure. This model was also later used in the molecular simulation of hydrogen bonding and clustering of neutral FA fragments in aqueous solution [39] .
An algorithm of computer-assisted structure elucidation (CASE) was applied to a comprehensive set of spectroscopic and analytical data for Chelsea soil HA [44] , resulting in the development of a series of representative 3D structural models for these substances. The Temple-Northeastern-Birmingham (TNB) model of a NOM building block [45] was successfully used in a study of NOM conformations in solution [46] . We have also recently used this model for the molecular simulations of metal-NOM complexation in bulk aqueous solutions [47] [48] [49] and for the molecular modeling of the effects of different cations on the NOM adsorption at the surfaces of polyethersulfone ultrafiltration membranes [32] . The results of these molecular simulations are in good qualitative agreement with available experimental observations of metal-NOM complexation and colloidal aggregation in aqueous solutions. In particular, they confirm that the cation binding occurs principally with the carboxylic groups of NOM, and to a much lesser extent with phenolic and other -R-OH groups. The contributions of other NOM functional groups appear to be minimal.
In a recent series of molecular simulations, Aquino et al. [52] [53] [54] [55] [56] have used several simplified molecular models to study the role of hydrogen bonding and cation bridges in stabilizing the NOM aggregates in aqueous solution. Polyacrylic acid (PAA), oligomers, conjugated olefinic chain with regularly distanced aliphatic tails terminated by a polar carboxyl group, and a tetramer of undecanoid fatty acids were successfully used to quantify many structural and thermodynamic parameters by quantum mechanical and classical simulations. Such a molecular approach finds support in experimental studies that indicate that the complexation behavior of NOM is often nearly indistinguishable experimentally from the similar behavior of the structurally much better defined molecules of PAA [17, 57, 58] . On the other hand, the experimental study of Eu 3+ complex formation with HA and PAA revealed noticeable differences in the complexation behavior, strongly suggesting that the heterogeneous coexistence of the strong and weak binding sites in the actual HA may play a significant role [18] .
However, taken together, recent computational molecular modeling efforts [13, 38, [48] [49] [50] [52] [53] [54] [55] [56] clearly indicate that despite the significant uncertainties inherent to the molecular modeling of NOM, the results of various simulations are quite robust in terms of their qualitative and even quantitative reproduction of the most significant structural, dynamic, and energetic characteristics of metal-NOM complexation, hydration, and supramolecular aggregation.
This short paper is not intended to be a comprehensive review on the subject. Instead, it presents a quantitative comparison of results between several recent molecular simulations which used different models of intermolecular interactions, but the same TNB model of NOM [46] illustrates one important point that notwithstanding all the differences and uncertainties in the detailed atomistic characterization of NOM, such calculations can still be very useful and informative by offering additional opportunities for better molecular-scale understanding of the NOM-containing systems and processes.
MOLECULAR DYNAMICS SIMULATIONS OF AQUEOUS METAL-NOM SYSTEMS
The TNB model of a NOM molecular fragment used in all three simulations discussed below has a molecular weight of 753 Da and contains three carboxylic groups, three carbonyl groups, two phenolic groups, two amine groups, and four other R-OH alcohol groups [45, 46] . The size, composition, and molecular structure of the TNB model of NOM fragment is illustrated in Fig. 1 . In terms of the molecular weight, atomic composition, degree of aromaticity, and total charge density the TNB model fragment is in good agreement with available experimental characterizations of NOM [3, 8, 10, 58] , the results of stochastic modeling of 3D structure elucidation [44] , and biogeochemical reconstructions [59] . The atomic composition of the TNB model (Table 1 ) also closely resembles the composition of Suwannee River NOM (SRNOM), which is often used in experiments as a typical representative of NOM (e.g., [32, 47, 58] For the near-neutral pH conditions, it is reasonable to assume that the three carboxylic groups of the NOM fragments are completely deprotonated (pK a values between 4 and 5), whereas the hydroxyl groups as always protonated (pK a values of ~9). The deprotonated carboxylic groups of NOM are known to be the principal source of the NOM negative charge development at the near-neutral pH range [16] , the most important binding sites for metal cations [15, 60] . Ca 2+ appears to be among the most strongly NOM-associating ions [17, 19, 30, 43, 61, 62] .
Three separate molecular dynamics (MD) simulations were performed for the same TNB model in aqueous solutions containing Na + , Mg 2+ , or Ca 2+ ions at approximately the same concentrations, but using different system sizes, different force fields, and two different water models [48] [49] [50] [51] . In the first MD simulation (A), a single TNB molecule was hydrated by 553 water molecules in a cubic box with standard periodic boundary conditions [35] . The negative charge of the NOM fragment was balanced by the presence of three Na + ions (or two Mg 2+ /Ca 2+ and one Cl -). The interatomic interactions among H 2 O, dissolved ions, and NOM were described by the simple point charge (SPC) water model [63] , SPC-compatible parameters for the ions [64] , and the consistent valency force field (CVFF) for the NOM fragment [65] . For the MD simulations (B) and (C), the simulation cells were almost an order of magnitude larger and contained 8 TNB fragments and 24 Na + (12 Mg 2+ /Ca 2+ ) cations hydrated by more than 4000 H 2 O molecules [50] . In the simulation (B), the CHARMM27 force field [66] was used to describe all interatomic interactions in the system, whereas in the simulation (C) the AMBER FF99 force field [67] was employed. In both of these larger simulations H 2 O molecules were described by the TIP3P model [68] . In all three simulations, the Newtonian equations of atomic motions were numerically integrated with a time step of 1 fs and Ewald summation [35] was applied to calculate long-range electrostatic contributions to the total intermolecular potential energy of the simulated systems. A sufficient thermodynamic equilibration and initial NOM conformational relaxation was assured by performing pre-equilibration MD runs for each of the simulated system in several stages with the total simulation length of several hundreds of picoseconds. This pre-equilibration process resulted in simulated solution densities that corresponded well to an ambient pressure of 0.1 MPa. These optimized models were then used as the starting configurations for the production MD runs (A), (B), and (C) that were all performed in the NVT statistical ensemble at a constant temperature of 300 K and at constant volume.
The equilibrium duration of the simulation (A) was 100 ps, whereas the simulations for the larger systems (B) and (C) were nearly 100 times longer (10 ns each). The longer time scale of these runs allowed us not only to determine the structural characteristics of cation-NOM complexation at individual binding sites, but also to quantitatively estimate the degree of supramolecular aggregation of NOM fragments in solution due to their strong electrostatic interactions with metal ions.
To quantitatively assess the structural and dynamic effects of Ca 2+ -NOM complexation, we calculated the radial distribution functions (RDFs) and running coordination numbers using standard procedures [35] . The running coordination numbers of species j around species i in the solution, n ij (r), are calculated from the RDFs as (1) where ρ j is the number density of species j in the system, g ij (r) are the atom-atom RDFs.
Potentials of mean force (PMFs) for the interaction between the cations and the carboxylic groups of the NOM were also calculated. These functions characterize the change in the free energy of the system due to the changes in its configuration [69] . If the free energy of a system in thermodynamic equilibrium in the NVT statistical ensemble is
where Z is the canonical partition function and k B is the Boltzmann constant, then the potential of mean force, W ij (r), for two interacting species is defined as the potential that would generate the mean force between the two species, averaged over all orientations, for each separation distance r. Thus, the PMF represents the free energy profile of the system as a function of distance, and it can be shown [70] that
where g ij (r) is the corresponding RDF for this pair of species with the standard normalization for large separations, g ij (r) → 1 at r → ∞. Thus, W ij (r) asymptotically approaches zero with large separation distance. The PMF calculations for the metal cation complexation with the carboxylic groups of NOM and several other molecules and the resulting estimates for the metal-NOM association constants are discussed in detail elsewhere [49] .
RESULTS AND DISCUSSION
The TNB molecular model of NOM contains three structurally distinct carboxylic groups (C23, C25, and C29 in Fig. 1 [49] . Two contact ion pair (CIP) coordinations are possible. In a bidentate inner-sphere coordination (C29 in Fig. 1 ), the metal ion is coordinated simultaneously with the two oxygen atoms of the carboxylic group and stays approximately equidistant from both of them predominately near the bisector plane orthogonal to the plane of the carboxylic group. In a mono dentate inner-sphere coordination (C23 and C25 in Fig. 1) , the metal ion is coordinated with only one of the carboxylic oxygen atoms. Thus, in both bidentate and monodentate CIP cases, the water molecules in the first coordination shell of the ions are partially replaced by the carboxylic oxygens. In contrast, in an outer-sphere coordination, the metal ions are separated from the NOM carboxylic oxygens by a mono-molecular layer of H 2 O, as fully hydrated cations only weakly associated with the carboxylic group and forming a solvent-separated ion pair (SSIP).
A comparison of PMFs calculated for simulations (A), (B), and (C) according to eq. 3 for Ca 2+ interaction with the carboxylic groups of NOM is presented in Fig. 2 . All three simulations consistently result in a potential well of about -13.0 ± 2.0 J/mol deep for the bidentate CIP coordination with an interatomic separation of about 0.3 nm and in a shallower and broader potential well of -3.0 ± 0.8 kcal/mol at about 0.5 nm corresponding to an SSIP coordination (not visible for the simulation (A) because of its smaller size and shorter duration). However, the potential barrier between the CIP and SSIP coordinations is higher by almost 1 kcal/mol for (B) than for (C), indicating a stronger preference for inner-vs. outer-sphere coordination for the latter model. Consistent with the structural results [50] , such model dependence between (B) and (C) is even more visible in the energy of mono dentatecoordinated CIPs. For the former, the corresponding potential well (dashed line in Fig. 2 at about 0.35 nm) is located in the region of positive energies, indicating that such coordinations, although relatively stable, are generally unfavorable [49] .
A detailed analysis of Ca 2+ dynamics around the carboxylic groups of NOM shows that an average residence time of a bidentate CIP is about 0.5 ns, compared with only about 0.1 ns for a monodentate CIP coordination, and about 0.2 ns for an SSIP coordination [49] . These values provide useful estimates for the time scale for the processes of Ca-NOM association in aqueous solutions.
Ca 2+ is known to cause a particularly strong supramolecular aggregation of relatively small NOM fragments into larger colloidal particles [17, 19, 30, 43, 61, 62, 71] . The simulations (B) and (C) were already large enough to at least qualitatively probe the molecular mechanisms responsible for this behavior [49] [50] [51] during the 10 ns of equilibrium dynamical evolution. A snapshot from the simulation (C) is presented in Fig. 3 , to illustrate the aggregation process. Three different aggregating NOM fragments are shown in different colors, Ca 2+ ions are shown as the light blue balls, while all water molecules are removed for clarity. One Ca 2+ ion (Ca4) is found in a strong inner-sphere bidentate coordination with the carboxylic groups of two NOM molecules (1C25 and 2C29 in Fig. 3 ) and, simultaneously, in a weaker monodentate or outer-sphere coordination to a third NOM molecule (6C23 in Fig. 3) . A simultaneous coordination of Ca 2+ ion by two carboxylic groups of the same NOM molecule was also observed, confirming an earlier hypothetical view of Ca 2+ capable of accepting up to four NOM carboxylic groups in its inner-sphere coordination shell [43] . This observation also suggests two different mechanisms by which Ca 2+ may affect the supramolecular colloidal aggregation of NOM: Ca 2+ ions can directly affect aggregation by bridging carboxylic groups of different NOM molecules, effectively bringing and holding them together. In addition, simultaneous Ca 2+ coordination with two carboxylic groups of the same NOM molecule effectively reduces the net negative charge of this metal-NOM complex, thus allowing such complexes to approach each other in aqueous solutions more readily and, consequently, to coordinate with each other via weaker hydrogen-bonding inter actions.
Hydrogen bonding also plays a major role in a weaker spontaneous aggregation of NOM when only Na + and Mg 2+ are present in solution as background cations [51] . This promotes the formation of loosely held spherically shaped NOM clusters in contrast to the effect of Ca 2+ , where stronger cation bridging between carboxylic groups of different NOM fragments favors the formation of longer linear and branched aggregate structures. This picture appears to be qualitatively compatible with the results of dynamic light scattering (DLS) and small angle neutron scattering (SANS) experiments [51, 72] , which point to the formation of a wide range of supramolecular structures with sizes up 100 and 1000 nm when Ca 2+ ions are present in an SRNOM solution, in contrast to Na + and Mg 2+ , which do not affect the aggregation of SRNOM as strongly. Comparison of the simulations discussed above makes it perfectly clear that the size and the duration of the MD simulations should be increased at least another order of magnitude before statistically meaningful quantitative estimates for the relative importance of different aggregation mechanisms and the relative effects of different ions could be provided.
CONCLUSIONS AND OUTLOOK
NOM is a good example of a complex chemical substance that cannot be fully characterized in full atomistic compositional and structural detail for completely natural reasons [73] . This makes it particularly challenging to approach a quantitative investigation of NOM behavior with traditional molecular modeling techniques. Nevertheless, despite the significant inherent uncertainties, the results of NOM molecular modeling are all quite robust in terms of their qualitative and even quantitative reproduction of the most significant structural, dynamic, and energetic characteristics of metal-NOM complexation, hydration, and supramolecular aggregation. This includes bidentate vs. monodentate configuration of the complexes, inner-sphere (CIP) vs. outer-sphere (SSIP) coordination of the IPs and their relative stability. The modeling results presented here shows some dependence on the size of the simulated system and on the parameters of the force field models used, but are yet consistent with available experimental data and other results of molecular modeling. However, these MD simulation results also clearly point out further opportunities for better quantitative molecular-scale understanding of metal-NOM complexation, colloidal aggregation, and mobility in aqueous environments, which would require, on the one hand, the development and application of more complex and diverse NOM models, and, on the other hand, the extension of such computer simulations to much larger time-and length-scales. 
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